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The isolation of additional bacteriophages containing segmented double-stranded RNA genomes has expanded the
Cystoviridae family to nine members. Comparing the genomic sequences of these viruses has allowed evaluation of
important genetic as well as structural motifs. These comparative studies are resulting in greater understanding of viral
evolution and the role played by genetic and structural variation in the assembly mechanisms of the cystoviruses. In this
regard, the small and middle double-stranded RNA genomic segments of bacteriophage 12 were copied as cDNA and their
nucleotide sequences determined. This genome’s organization is similar to that of the small and middle segments of
bacteriophages 6, 8, and 13. Although there is little similarity in the nucleotide sequences, similarity exists in the amino6. The
ience (USINTRODUCTION
Bacteriophage 12 was isolated from the leaves of the
sweet basil plant (Ocimum basilicum) (Mindich et al.,
1999), and it is among the nine known members of the
Cystoviridae family. Bacteriophage 6, which until re-
cently has been alone in the genus cystovirus (Murphy,
1995), was isolated from bean straw infested with
Pseudomonas syringae pv. phaseolicola (Vidaver et al.,
1973). 12 is similar in structure to bacteriophage 6 in
that it also contains a genome of three segments of
double-stranded RNA (dsRNA) (Semancik et al., 1973)
packaged inside a procapsid that is covered by a protein
shell and a lipid-containing membrane with additional
proteins (Vidaver et al., 1973). It has recently been shown
that the 6 active polymerase subunit is very similar in
structure to that of the polymerase of hepatitis C virus,
suggesting an evolutionary link between dsRNA viruses
and the flaviviruses (Butcher et al., 2001).
The genome of 6 has been cloned and sequenced
and the replication cycle and structure of the virus have
been extensively investigated (Butcher et al., 1997; de
Haas et al., 1999; Mindich, 1999). Study of genomic pack-
aging in 6 led to the development of a detailed pack-
aging model (Mindich, 1999; Onodera et al., 1998; Qiao et
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118al., 1997). Specifically, it is proposed that the binding of
the small (plus-sense) single-stranded RNA segment (s)
to sites on the outside of an empty procapsid and posi-
tioning its 5 end at an entry portal initiate packaging.
When segment s is packaged, the binding sites are lost
and then new sites for the middle segment (m) appear on
the outside of the particle. The packaging of segment m
results in the loss of its binding sites, and sites for the
large segment (l) are revealed. Each of the viral RNA
segments contains a packaging sequence of about 200
nucleotides near the 5 ends of the plus strands (Gottlieb
et al., 1994).
The isolation of bacteriophages other than 6 contain-
ing three segments of double-stranded RNA demon-
strated that the cystoviruses are composed of many
more phages, some extremely similar to 6 and others
distantly related. Eight additional cystoviruses, 7 to
14, were isolated and are being characterized particu-
larly in regard to their relationship to 6. The close
relatives of 6 include 7, 9, 10, and 11. Reverse
transcription–polymerase chain reaction (RT-PCR) anal-
ysis of this group with primers derived from 6 se-
quences was possible and subsequent genomic se-
quence analyses demonstrated 80 to 85% sequence sim-
ilarity. Within open reading frames (ORFs) the base
sequence changes were concentrated in the third base
of codon triplets so that the amino acid sequences re-
mained highly conserved. The 5 ends of the genomic
plus strands were found to contain the pac sequences,acid sequence of the lysis cassette proteins to those of 
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which are about 200 nucleotides in length and unique
and specific for the packaging of each segment. The
sequences of the pac regions in this group of phages
were about 90% identical, and it was also found that the
group members are capable of packaging both the m
and the s segment of 6 (Mindich et al., 1999).
Bacteriophages 8, 12, and 13 were judged to be
distantly related to 6 (Mindich et al., 1999). These
phages, while unable to infect the normal host of 6, P.
syringae pv. phaseolicola HB10Y (HB), can infect a mu-
tant of HB, LM2333. This latter strain is resistant to
several DNA phages. These three phages were also able
to infect both a derivative of LM2333 lacking type IV pili
and a rough strain of P. syringae, Ro49da1. It is likely that
these phages attach directly to the lipopolysaccharide
(LPS). RT-PCR on the RNA segments of these phages
using primers derived from 6 was unsuccessful
(Mindich et al., 1999). Previous studies have determined
the nucleotide sequence of both the 8 and the 13
genomes, showing that the overall genetic organization
is similar to 6 although for the most part there is no
similarity in either the nucleotide sequences or the
amino acid sequences. An exception is that the amino
acid motifs characteristic of viral RNA polymerases are
present in the protein sequences of the polymerase
complex. In the case of bacteriophage 8 it was noted
that protein P8, which constitutes a shell around the
procapsid in 6, is part of the membrane in this phage.
The 8 and 13 host attachment proteins consist of two
peptides rather than the one found in 6 (Hoogstraten et
al., 2000; Qiao et al., 2000).
In this paper we present the cDNA cloning and com-
plete sequencing of the small and middle genomic seg-
ments of 12. The lysis cassette consisting of proteins
P5 and P10 showed significant similarity to the compa-
rable proteins of 6. The attachment specificity proteins
P3a, P3b, P3c, and their anchor protein P6 were similar
to the comparable proteins of 13. We discuss the im-
plications of this work on the evolutionary relationships
of the cystoviruses.
RESULTS
RNA sequence
The cDNA copies of the 12 M and S genomic seg-
ments were sequenced and the arrangement of the
genes was determined. The sizes for the M and S seg-
ments were found to be 4100 and 2322 bp, respectively
(Fig. 1). The base compositions of the two segments are
56.0 and 56.9% GC, for M and S, respectively. The cor-
responding sizes of these segments in 6 are 4063 and
2948 bp, with an average of about 56% GC for both M and
S (Mindich, 1988). The sizes of the comparable segments
in 8 were found to be 4742 and 3192 bp with 55.3 and
54.4% GC, respectively (Hoogstraten et al., 2000). The M
segment of 13 has been found to be 4213 bp and the S
segment is 2981 bp in size. Their %GC values were
determined as 57.9 and 56.2%, respectively (Qiao et al.,
2000).
The addition of one defined primer to the viral dsRNA
3 ends and its RT-PCR allowed definitive identification of
the terminal nucleotides. 12 differs markedly from the
other three cystoviruses at the 5 end of its genome
segments in that it has a very limited base identity
among them. The M and S segments begin with the four
bases GAAT while the L segment (the termini of which
have been sequenced) begins with ACAAT. The genomic
segments of 6 have 18-base identities at the 5 end,
those of 8 contain a 7-base identity, and there is an
11-base identity in those of 13. In addition only 12 has
one segment (L) that begins with a base other than G.
The 3 end sequences of the three segments exhibited
potential for predicted secondary structures; however,
they show little sequence identity to one another. The L
and M segments are similar to each other for about 50
bp inward from the 3 end while the small segment end
differs greatly from these other two (Fig. 2).
Identification of genes
The genes in segments S and M were named for the
genes in the same position as in 6 and are also found
to be arranged in a manner similar to those of 8 and
13 (Fig. 1 and Table 1). The assignments were made on
the basis of chromosomal position, size, and amino acid
similarity or identity with those of the other cystoviruses.
These gene assignments were also integrated with the
results of SDS–polyacrylamide gel analysis (SDS–PAGE)
of the viral proteins, both from purified virions and from
detergent-extracted virions. In addition N-terminal anal-
ysis of proteins transferred from the SDS–PAGE gels to
PVDF filters and subjected to Edman degradation helped
in the gene assignments.
The viral envelope-associated proteins were readily
identified by SDS–PAGE of Triton X-100-treated virions in
that detergent treatment removed proteins P3a, P3c, P5,
P9, and P10 (protein P6 is not visible on the gel and
proteins P9 and P10 migrate together) (Fig. 3A). We were
able to visualize P10 migrating below P9 by autoradiog-
raphy of [35S]Met-labeled virus proteins (Fig. 3B). As with
8 and 13 (Hoogstraten et al., 2000; Qiao et al., 2000),
the host-cell attachment specificity structure consists of
at least two proteins, P3a, with a molecular weight of 41.3
FIG. 1. cDNA copies of the M and S genomic segments 12. The
genes are numbered so as to correspond to those of 6, 8, and 13.
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kDa, and P3c, with a molecular weight of 39.5 kDa (Table
1). N-terminal analysis of the first 10 amino acids of these
proteins that had been excised from blots of these gel
bands confirmed their identity (data not presented). In-
terestingly we find that gene 3c begins at position 2718,
which is 13 bp prior to the first nucleotide of the termi-
nation codon for gene 3b (Table 1). We also note that the
start codon encodes leucine although the data from the
N-terminal sequence analysis of the isolated protein
demonstrates that the protein begins with methionine. It
remains to be determined how the methionine is substi-
tuted for the leucine at the first amino acid position of this
protein.
The ORF for protein P3b is a tentative assignment in
that it is not clear if this protein is actually expressed.
Most of the identified genes within the 12 genome have
Shine–Delgarno (SD) ribosome-binding sequences (Ta-
ble 2). As observed in the other characterized cystovi-
ruses, these motifs are not always present and we ob-
serve that gene 3b lacks an SD sequence. However, the
stop codon of gene 3a overlaps the start codon of gene
3b; therefore, it may be polar on the latter gene. Protein
P3 is also found to be split into two peptides in 8 and
possibly into three peptides in 13. Qiao et al. (2000)
report that protein P3a is expressed in 13 although the
gene lacks an SD sequence.
Protein P8 is a component of the nucleocapsid and
remains particle associated after the detergent treat-
ment. In 6, 8, and 13 gene 8 is noted to be polar on
gene 12. In these examples gene 12 either lacks a
functional SD or has a distantly placed one (McGraw et
al., 1986; Hoogstraten et al., 2000; Qiao et al., 2000). We
also note that gene 12 on the small segment lacks a
distinct SD but in contrast to the other three viruses the
gene itself starts at a significant distance from the gene
8 end (42 bp).
FIG. 3. (A) Coomassie-stained gel of SDS–PAGE analysis of Triton
X-100-treated virus (T) and whole virus (V). The band for protein P6 does
not appear. (B) Autoradiogram of [35S]Met-labeled viral proteins on
SDS–PAGE. P10 migrates below P9.
TABLE 1
List of ORFs for 12
ORF Start End aa number MWa IEPb
List of ORFs for the small segment
P8 353 931 192 20.5 6.4
P12 973 1224 83 8.8 8.02
P9 1217 1447 76 8.1 8.46
P5 1447 2190 247 26.6 6.42
List of ORFs for the middle segment
P10 184 315 43 4.4 8.68
P6 682 1410 242 25.5 9.98
P3a 1361 2473 370 41.3 5.13
P3b 2473 2733 86 9.6 4.54
P3c 2718 3824 368 39.5 6.74
a Molecular weight in kDa.
b Predicted isoelectric point of the protein.
FIG. 2. Secondary structure predicted for the 3 ends of the L, M, and
S plus strands of the viral genome.
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Structural similarity of the proteins to those of other
cystoviruses
The sequences of the M and S segments were ana-
lyzed using the BLAST X software provided at the Na-
tional Center for Biotechnology Information’s Web site.
We found that the 12 lysis cassette displayed signifi-
cant identity to that derived from 6. Proteins P5 (the
murein peptidase) and P10 (an accessory lytic compo-
nent) that together constitute the lysis cassette showed
30 and 62% identity, respectively, to the corresponding
proteins of 6. The phage attachment specificity protein
(especially P3a) and its anchorage protein (P6) showed
significant identity to that derived from 13 (Table 3). We
found that proteins P3a, P3b, P3c, and P6 showed 72, 49,
59, and 46% identities to the corresponding proteins of
13 (Table 3).
DISCUSSION
Mindich et al. (1999) described the isolation of addi-
tional bacteriophages containing segmented dsRNA ge-
nomes and classified 12 within the group distantly
related to 6. This categorization was made on the basis
of host range and on the inability of oligonucleotides
derived from the 6 genomic sequence to prime an
RT-PCR reaction successfully. It was also noted that 12
could not acquire the M segment of 6 in crosses
(Mindich et al., 1999). The data described in this paper
demonstrated that 12 is related to both 6 and 13. The
12 lysis cassette consisting of proteins P6 and P10
shows significant identity to the comparable proteins of
6. The attachment specificity proteins P3a, P3b, and
P3c and their envelope anchor protein P6 are related to
the comparable proteins derived from 13. Of additional
interest is the observation that the proteins that consti-
tute the host attachment apparatus may be split into the
three peptides, P3a, P3b, and P3c. This “split host attach-
ment protein” motif has been reported in both 8 and
13 (Hoogstraten et al., 2000; Qiao et al., 2000). We have
also noted that P3b of 12 has no discernible SD se-
quence and it is not clear that it is even being expressed.
However, Qiao et al. (2000) has reported that gene P3a of
13 is expressed without an SD sequence while P3b
may not be expressed, even with an identified sequence.
Reference to the SDS–PAGE analysis of the phage pro-
teins (Fig. 3) and the molecular size determinations
based upon the genomic sequence data indicate that
proteins P3a and P3c migrate very close to one another.
Protein 3b is determined to have a molecular weight of
9.6 kDa and could be among the membrane-associated
proteins seen to migrate at a lower position on the
SDS–PAGE (Fig. 3). Amino-terminus sequence analysis
of proteins excised from the gel is being utilized to
answer this question.
Overall the “split peptide” motif of the host attachment
protein appears to be present in the 8, 12, and 13
group of the cystoviruses. Mindich et al. (1999) has re-
ported that these three viruses use an infective mecha-
nism that differs from that of 6. They are not infective
upon the normal 6 host P. syringae pv. phaseolicola HB
but are infective upon an HB mutant LM2333. Further-
more these phages also infect a LM2333 derivative,
LM2509, that is resistant to 6 due to a loss of the
specific type IV pilus. These phages can also infect a
rough strain of P. syringae, Ro49dRa1, and the implication
is that 8, 12, and 13 attach to the rough LPS.
The very limited consensus sequence that we have
found at the 5 ends of each of the three segments is
unique among the cystoviruses, and what was most
surprising was the observation that the L segment be-
gins with an A, not a G. With 6 and its close relatives
the sequence at the L 5 terminus (GU) differs from that
of segments M and S (GG). The transcripts that start with
GG are expressed to a greater extent in in vitro transcrip-
tion. On the other hand the sequences at the 5 terminus
of the three segments in 8 all begin with GA, with the in
TABLE 2
Ribosome Binding Sites for the 12 Genes
UAAGGAGGUGAUC
Revised composition of the 16S RNA
Small segment
P8 ACCAUAACAGGAGUACAGCAUGGCU
P12 UCUGUCGUCGGUCUCACCCAUGGCG
P9 GUCCACUACGGAGUAAUCCAUGGAU
P5 UCUCCUGGAACCCGCUGUAAUGGAC
Middle segment
P10 AUCUAUUAGGAGUUCCAACAUGGAU
P6 CGGUCCAAACGGCCCAGUAAUGGGU
P3a AACACAACAGGGGAAGCAUAUGCUC
P3b UCUUUGAACUGUUGAUGUAAUGGAG
P3c UCCAGAAAGGCGAAGAGCAUUGGACa
a UUG encodes leucine. Edman N-terminal analysis demonstrates
the presence of methionine.
TABLE 3
Basic Local Alignment Search Tool Analysis of the 12 Proteins
Identity
6 proteins
P5 30%
P10 62%
13 proteins
P3a 72%
P3b 49%
P3c 59%
P6 46%
Note. The sequences of the 12 M and S segments were analyzed
using the BLAST X program (National Center for Biotechnology Infor-
mation). The proteins were compared for percentage identity to those
of both 6 and 13.
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vitro transcription reaction producing equimolar amounts
of each transcript (Hoogstraten et al., 2000). The in vitro
transcription reactions run with isolated 12 nucleocap-
sids produce much less of the L transcript than the other
two, the transcriptional regulation resembling the 6
system rather than that of 8 (unpublished result).
MATERIALS AND METHODS
Bacterial strains, phage, and plasmids
P. syringae pv. phaseolicola HB is the host of phage 6
and was utilized as a phenotypic screen in that 12 is
noninfectious on it. LM2333 is a mutant of HB which 12
productively infects. Escherichia coli strain XL1-Blue Su-
percompetent cells [recA1, end1, gyrA96, thi-1, hsdR17,
supE44, relA1, (F, proAB, lacIq, ZM15, Tn10 (Tetr))]
(Stratagene, La Jolla, CA) were used as hosts for cDNA
cloning.
Plasmid pT7T319U (Pharmacia, Peapack, NJ) was
used as the cloning vector for the cDNA copies of phage
cDNA produced by RT. Plasmid PCR2-1 vector pur-
chased from Invitrogen (Carlsbad, CA) and a pGEM-T
vector from Promega Corp. (Madison, WI) were each
utilized for the rapid cloning and sequence analysis of
the RT-PCR-produced cDNA derived from the viral
genomic RNA. The PCR2-1 recombinants were con-
structed as directed in the product manual and isolated
using Qiagen (Stanford, CA) miniprep columns. The
clones using the pGEM-T vector were constructed as
described below.
Media, enzymes, and chemicals
The media used were LB and M9 (Maniatis et al.,
1982). Ampicillin plates contained 200 g/ml in LB agar
supplemented with 40 g/ml isopropylthiogalactoside
(IPTG) and 5-bromo-4-chloro-3-indoly--D-galactoside
(Xgal) (Maniatis et al., 1982). Restriction enzymes were
purchased from Promega. Poly(A) polymerase was pur-
chased from Perkin–Elmer Life Sciences (Boston, MA).
The reagents used for cDNA synthesis of the phage RNA
and its cloning to a plasmid vector were all supplied in
the Universal Riboclone cDNA Synthesis System, also
purchased from Promega. RT-PCR amplification of viral
RNA regions of 1000 bp used reagents supplied with
the Titan One Tube RT-PCR kit of Roche Molecular Bio-
chemicals (Indianapolis, IN). Buffer ACN was used for
the suspension of purified bacteriophage and contains
10 mM KPO4 (pH 7.5), 1 mM MgSO4, 200 mM NaCl, and
0.5 mM CaCl2. L-[
35S]Methionine was purchased from
Perkin–Elmer Life Sciences.
Preparation of pure virions of 12
Twenty to 30 plate lysates of 12 were prepared by
plating phage dilutions into soft agar with an overnight-
grown culture of LM2333. These plates were incubated
overnight at room temperature. The next day, phage-
containing top agar was collected and the cell debris
and agar were removed by centrifugation in a Sorvall
SS-34 rotor at 15,000 rpm, 15 min at 4°C. Phage was
collected by centrifugation in a Beckman TI-75 rotor at
33,000 rpm, 2 h at 4°C. The pellet was suspended in 1 ml
of buffer ACN. Purification of the phage was by equilib-
rium centrifugation in CsCl, average density 1.28g/ml,
using a Beckman SW 50.1 rotor at 33,000 rpm, overnight
at 4°C. The next day the phage band was located by light
scattering, collected by tube puncture, and dialyzed over-
night in buffer ACN. The dialyzed sample was centri-
fuged in a Beckman TI-75 rotor at 33,000 rpm, 2 h at 4°C,
and the collected phage suspended in 300 l buffer
ACN.
In order to isolate nucleocapsids free of the lipid
envelope, the purified phage were treated with 2% Triton
X-100 and the preparation was centrifuged at 33,000 rpm
in a Beckman TI-75 rotor, 90 min at 4°C. The pellet was
suspended in buffer ACN and stored at 80°C.
Isolation and in vitro transcription of the 12 dsRNA
DsRNA was isolated from viral particles by phenol:
chloroform (1:1) extractions. The RNA was precipitated
with 10% 7.5 M NH4Ac and 2.5 vol of ethanol. The RNA
was pelleted and resuspended in 50 l of sterile water.
Nucleocapsids isolated from virions by Triton X-100
treatment were utilized in in vitro transcription, in the
presence of manganese ions, to synthesize complete
transcripts of the three viral RNA segments (Emori et al.,
1983). The synthesized transcripts were extracted with
phenol:chloroform, ethanol precipitated, pelleted, and re-
suspended in H2O. Both dsRNA from the whole phage
and synthesized transcripts served as templates for the
cDNA synthesis.
Preparation of cDNA
Poly(A) tailing. Either dsRNA or viral transcripts were
denatured by boiling for 5 min and rapidly cooled in a dry
ice/ethanol bath. A 5 poly(A) polymerase buffer was
added to the RNA along with ATP and yeast poly(A)
polymerase. The mixture was incubated for 1 min at
30°C, transferred to ice, and brought to a volume of 50 l
with TE buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA). The
poly(A)-tailed RNA was then extracted with phenol:chlo-
roform, ethanol precipitated, pelleted, and resuspended
in sterile water.
First-strand synthesis. One to two micrograms of phos-
phorylated oligo(dT) was added to 10 l of poly(A)-tailed
RNA. The sample was left at 70°C for 5 min after which
it was cooled on ice for 5 min. Four microliters of 5
first-strand buffer, 3 l H2O, 40 u RNase inhibitor, and
30 u of AMV reverse transcriptase were added and
incubated at 42°C for 1 h.
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Second-strand synthesis. To the reverse-transcribed
RNA sample, 40 l 2.5 second-strand buffer, 37.6 l
H2O, 0.8 u RNase H, and 23 u E. coli DNA polymerase I
were added and the second-strand synthesis proceeded
for 4 h at 14°C. The polymerase I was inactivated at 70°C
for 10 min. T4 DNA polymerase was added for 10 min at
37°C to blunt the ends of the cDNA. The reaction was
stopped by bringing it to 20 mM EDTA. The sample was
then treated with phenol:chloroform, ethanol precipi-
tated, pelleted, and suspended in 2.5 l dH2O.
Preparation of the vector utilized for cloning. PT7T3
19U was digested with SmaI and dephosphorylated with
shrimp alkaline phosphatase. The vector was then
treated with phenol:chloroform, ethanol precipitated, and
suspended in 10 l of H2O. The ligation mixture con-
tained 5 l of the cDNA sample, 0.5 l vector, 1 l 10
ligation buffer (containing ATP), and 2.5 u of T4 DNA
ligase. Incubation was overnight at 14°C. The ligation
mixture was used to transform supercompetent XL-1
Blue E. coli. Transformed cells were spread on LB plates
containing 40 g/ml Xgal, 40 g/ml IPTG, and 200 g/ml
ampicillin. White colonies were picked by toothpick and
small plasmid preparations prepared using QIAprep
Spin Miniprep columns (Qiagen). The plasmids were cut
with restriction endonuclease PvuII and plasmids con-
taining inserts were sequenced first with both the T3 and
the M13r primers. Subsequent sequencing of the cloned
cDNA inserts was with oligonucleotide primers (Inte-
grated DNA Technologies, Coralville, IA) designed from
the sequences derived using the initial primer set.
RT-PCR synthesis of cDNA. cDNAs of all three dsRNA
segments were amplified using a modification of the
Lambden method (Lambden et al., 1992). The three am-
plified cDNAs were separated on a 1% agarose gel and
purified using the gel extraction kit of Qiagen. The puri-
fied PCR products were then cloned into the pGEM-T
vector and positive clones were identified based on
insert size and restriction enzyme patterns.
Preparation of radioactively labeled bacteriophage
LM2333 was infected with 12 at a multiplicity of
infection of 20 in M9 medium supplemented with amino
acids, metal ions, and glucose. Ten microcuries per
milliliter of [35S]Met was added and the culture was
allowed to proceed to lysis. The phage was purified as
described above.
cDNA sequence analysis
cDNA sequencing was performed at the Protein/DNA
Technology Center of Rockefeller University, New York
City; GeneWiz, Inc., New York City; and the RCMI Facility
at the City College of New York. The sequences were
assembled using the AlignIR Assembly and Alignment
Software (Li-Cor Biotechnology Division, Lincoln, NE).
The sequences of both the M and the S segments were
deposited with GenBank and the accession numbers are
AY039807 and AY034425, respectively.
Amino acid sequence analysis of the 12 proteins
The amino acid sequences of the S and M segments
were analyzed for similarity to other protein amino acid
sequences using the Basic Local Alignment Search Tool
X provided by the National Center for Biotechnology
Information (National Library of Medicine, National Insti-
tutes of Health, Bethesda, MD) (Altschul et al., 1990).
Protein sequence
Proteins were sequenced from the N-terminus using
automated Edman degradation on a PE Biosystems 494
protein sequencer at the Protein Chemistry Core Facility,
Howard Hughes Medical Institute of Columbia Univer-
sity. SDS–PAGE-separated viral proteins were trans-
ferred to PVDF membranes by Western blotting and the
proteins visualized with Ponceau S stain. These were
excised from the membrane and sent to the sequencing
facility for the analysis.
ACKNOWLEDGMENTS
We thank Dr. Leonard Mindich for supplying us with bacteriophage
12, its host cell, and the cloning vectors and for his advice, along with
a critical reading of the manuscript. We also thank Dr. Dani McBeth for
critically reading the manuscript. The National Science Foundation
Career Award MCB9984310 to P.G. supports this work. The initial
funding for this work was provided by The National Foundation for
Infectious Diseases (Young Investigator Matching Grant) and by a grant
from The City University of New York from the PSC-CUNY Research
Award Program. NIH–RCMI Grant G12RR-A103060 aided this work.
REFERENCES
Altschul, S. F., Gish, W., Miller, W., Myers, M. W., and Lipman, D. J. (1990).
Basic local alignment search tool. J. Mol. Biol. 215, 403–410.
Butcher, S. J., Dokland, T., Ojala, P. M., Bamford, D. H., and Fuller, S. D.
(1997). Intermediates in the assembly pathway of the double-
stranded RNA virus 6. EMBO J. 16, 4477–4487.
Butcher, S. J., Grimes, J. M., Makeyev, E. V., Bamford, D., and Stuart, D. I.
(2001). A mechanism for initiating RNA-dependent RNA polymeriza-
tion. Nature 410, 235–240.
deHaas, F., Paatero, A. O., Mindich, L., Bamford, D. H., and Fuller, S. D. (1999).
A symmetry mismatch at the site of RNA packaging in the polymerase
complex of dsRNA bacteriophage 6. J. Mol. Biol. 294, 357–372.
Emori, Y., Ibo, H., and Okada, Y. (1983). Transcriptional regulation of
three double-stranded RNA segments of bacteriophage 6 in vitro. J.
Virol. 46, 196–203.
Gottlieb, P., Qiao, X., Strassman, J., Frilander, M., and Mindich, L. (1994).
Identification of the packaging regions within the genomic RNA
segments of bacteriophage 6. Virology 200, 42–47.
Hoogstraten, D., Qiao, X., Sun, Y., Hu, A., Onodera, S., and Mindich, L.
(2000). Characterization of 8, a bacteriophage containing three
12312: SMALL AND MIDDLE GENOMIC SEGMENTS
double-stranded RNA genomic segments and distantly related to 6.
Virology 272, 218–224, doi:10.1006/viro.2000.0374.
Lambden, P. R., Cooke, S. J., Caul, E. O., and Clarke, I. N. (1992). Cloning
of noncultivatable human rotavirus by single primer amplification.
J. Virol. 66, 1817–1822.
Maniatis, T., Fritsch, E. F., and, Sambrook, J. (1982). “Molecular Cloning:
A Laboratory Manual.” Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.
McGraw, T., Mindich, L., and Fragione, B. (1986). Nucleotide sequence
of the small double-stranded RNA segment of bacteriophage 6:
Novel mechanism of natural translation control. J. Virol. 58, 142–151.
Mindich, L. (1988). Bacteriophage 6: A unique virus having a lipid-
containing membrane and a genome composed of three dsRNA
segments. Adv. Virus Res. 35, 137–176.
Mindich, L. (1999). Precise packaging of the three genomic segments of
the double-stranded-RNA bacteriophage 6. Microbiol. Mol. Biol.
Rev. 63, 149–160.
Mindich, L., Qiao, X., Qiao, J., Onodera, S., Romantschuk, M., and
Hoogstraten, D. (1999). Isolation of additional bacteriophages with
genomes of segmented double-stranded RNA. J. Bacteriol. 181,
4505–4508.
Murphy, F. A. (1995). “Virus Taxonomy: Sixth Report of the International
Committee on Taxonomy of Viruses.” Springer-Verlag, New York.
Onodera, S., Qiao, X., Qiao, J., and Mindich, L. (1998). Directed changes
in the number of dsRNA genomic segments in bacteriophage 6.
Proc. Natl. Acad. Sci. USA 95, 3220–3924.
Qiao, X., Qiao, J., and Mindich, L. (1997). Stoichiometric packaging of
the three genomic segments of dsRNA bacteriophage 6. Proc. Natl.
Acad. Sci. USA 94, 4074–4079.
Qiao, X., Qiao, J., Onodera, S., and Mindich, L. (2000). Characterization of
13, a bacteriophage related to 6 and containing three dsRNA
genomic segments. Virology 275, 218–224, doi:10.1006/viro.2000.0501.
Semancik, J. S., Vidaver, A. K., and Van Etten, J. L. (1973). Characteriza-
tion of a segmented double-helical RNA from bacteriophage 6.
J. Mol. Biol. 78, 617–625.
Vidaver, A. K., Koski, R. K., and Van Etten, J. L. (1973). Bacteriophage 6:
A lipid-containing virus of Pseudomonas phaseolicola. J. Virol. 11,
799–805.
124 GOTTLIEB ET AL.
